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Cross sections for the reaction pp + e + - have been measured at s = 8.9,12.4, e 
and 13.0 GeV’. The cross sections have been analyzed to obtain the proton electro- 
magnetic form factors in the time-like region. 
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The understanding of nucleon structure is one of the central problems of hadronic 
physics. Measurements of the electric and magnetic form factors, GE and GM, as 
functions of the four-momentum transfer q2 provide experimental information relating 
to the nucleon structure. A large body of precise data obtained primarily from elastic 
scattering of electrons by protons and deuterons now exists for these form factors, 
with the form factors of the proton known up to q2 = 31 (GeV/c)‘[l]. However these 
data are primarily for space-like momentum transfers (4’ 2 0). Precise results for GM 
in the time-like region (a = -qacz > 0) exist only for a small interval near threshold, 
4mic4 5 s 5 4.2 GeV’. These data were recently obtained at the LEAR facility at 
CERN from the reaction # + e+e- [2]. For larger momentum transfers only upper 
limits have been established by earlier e+e- + pi and pp + et,- experiments[3]. 
Perturbative QCD predicts[4] that for large momentum transfers q41G~l/pp should 
be nearly proportional to the square of the running coupling constant for strong 
interactions, at(q”). Recent data[l] for large space-like momentum transfers are in 
remarkable agreement with this prediction for q2 as small as 5 (GeV/c)‘. It is of great 
interest to find out if a similar behavior holds for time-like momentum transfers. 

In this letter we present the results of our measurements of the cross section for 
the reaction 

pp + e+e- (1) 

at ,,& = 3.0 GeV, 3.5 GeV, and 3.6 GeV. These measurements were made as a 
part of Fermilab experiment E760, which is dedicated to the study of charmonium by 
resonant formation in pp annihilations[5]. The differential cross section for process 
(1) can be expressed in terms of the proton magnetic and electric form factors as[S]: 

da ?rd(!ic)~ 

d(cos6”) = 8 E P 

IG&(l + co.&‘) + 
4772 
-$/GE 12SiTLV’ 1 (2) 

where E and P are the center of mass energy and momentum of the antiproton, and 
0’ is the angle between the e- and the p in the center of mass system. 

Experiment E760 has ‘been carried out at the antiproton accumulator of the Fer- 
milab Antiproton Source. The circulating beam of stochastically cooled antiprotons 
(up to 4x 101lp) intersects an internal hydrogen gas jet target to provide instantaneous 
luminosities up to 9 x 1030cm-2s-‘. 

The detector (Fig. 1) is a non-magnetic spectrometer with cylindrical symmetry 
about the beam axis[7], optimized for the detection of electromagnetic final states. 
The central calorimeter covers the full azimuth and 11” < 9 < 70”, and consists of 
an assembly of 1280 lead glass detectors, each pointing to the beam-jet interaction 
region. The planar forward calorimeter covers 2” < 8 < ll”, and consists of 144 
lead-scintillator sandwich detectors. A threshold gas fierenkov counter, with two-fold 
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polar and eight-fold azimuthal segmentation, allows discrimination between electrons 
and charged hadrons. A coincidence between the appropriate azimuthal elements of 
two scintillator hodoscopes (Hl and H2) with the corresponding cells of the Cerenkov 
counter, and at least two large energy deposits in the central calorimeter separated 
by A4 > 90”, define the fast trigger for two electron events. The efficiency of this 
trigger has been measured at both J/T) and $J’ formation energies as ctrig = 0.92 i 
0.02[5]. Charged particle tracking information is provided by three inner elements, 
a cylindrical straw chamber, a radial projection chamber (RPC), and a multiwire 
proportional chamber, as well as an outer element consisting of two layers of limited 
streamer tubes. The luminosity is determined by detecting recoil protons in a solid- 
state detector mounted at 9 = 86.5”, and normalizing the yield to the known @ 
elastic scattering cross sections. 

The off-line analysis of the data is based on the identification of two electron 
tracks collinear in the center of mass, with an invariant mass me+e- compatible with 
the center of mass energy (4) of the pF system. The fiducial range of polar angle in 
which the electrons are accepted is 15” < 6’ < 60”. A p re iminary 1 selection requires 
the two highest energy showers in the central calorimeter to be associated with the 
electron track candidates. The electron identification is based on the pulse height 
information from the hodoscope H2 and the Cerenkov counter, dE/dx information 
from the RPC, and the transverse shape of the energy deposition in the central 
calorimeter[5]. The e+e- invariant mass distribution at this stage of the selection 
is shown in Figs. 2 (a),(b), and (c), respectively for fi = 3.0 GeV, 3.5 GeV, and 
3.6 GeV. A feature common to the three distributions is the presence of a low 
invariant mass background, which we attribute to residual Dalita pairs or photon 
conversions from the vast rITo component of the pp annihilation. In addition, Figs. 2 
(b) and (c) show a prominent signal corresponding to the inclusive production of J/$J 
and its subsequent decay, J/$I + e+e-[8]. Both the background and the J/q5 signal 
disappear when we require only two showers in the electromagnetic calorimeter and 
impose the requirements of two body kinematics on the electron directions. From 
a study of a background-free sample of pp -+ J/~/J + e+e- events, we determine 
our angular resolution and apply zL2.5~ cuts on the azimuthal and polar collinearity: 
specifically we require 178.3” < 4.. < 181.7” and 177” < 0:, < 183” where 4.. is the 
azimuthal angle between the two electrons, and S:, is the sum of the center of mass 
polar angles of the two electrons with respect to the antiproton direction. The events 
remaining after these cuts are shown as the shaded area in Fig. 2 and are seen to 
cluster around the corresponding center of mass energy with a spread compatible, to 
within 12 standard deviations, with the experimental mass resolution. Notice that 
no cut on the e+e- invariant mass has been necessary to obtain a very low background 
sample of events belonging to reaction (1). The efficiency of the above event selection, 
determined by using the e+e- events from the J/ii, and $J’ data samples, is found to 
be E,.I = 0.79 zt 0.03. Thus the overall efficiency is E = etrig. E..I = 0.73 -+ 0.03. Fig. 3 
shows the 0:, distribution for events with only two clusters in the central calorimeter 
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if, alternatively, we cut on the azimuthal opening angle 4.. and on the e+e- invariant 
mass. This sample includes all events found with the previous selection. 

Two-pion final states are the main source of background for reaction (1). The 
cross section, u(pp + n+n-) is known to be 5 10pb for 3.0 5 fi 5 3.6 GeV[S]. The 
pion contamination is measured from a sample of resolved pp + x+~- events that 
were collected with a dedicated hadron trigger. From these we measure a probability 
of 2 x 10-s for a pion to produce a shower in the central calorimeter which simulates 
an electromagnetic shower with an energy compatible with the two-body kinematics 
of the e+e- final state, and a 1.2 x 10e2 probability for a pion to produce a Cerenkov 
signal that would pass the selection criteria used to define an electron. The combined 
calorimeter and Cerenkov rejection for x+x- events is thus 1.6 x log. This leads to 
an estimated background cross section 5 0.01 pb, which is negligible when compared 
to the measured cross section. 

The pp --f #K’ annihilation is also a source of possible background, when each 
of the two TO’S either undergoes a Dalita decay or has one of the two decay photons 
converted in the 0.2 mm stainless steel wall of the beam pipe. This background 
has been estimated from data collected in the same experiment with an all neutral 
trigger designed to detect pi + yy events. Th ese data provide the cross section 
for neutral events with just two clusters in the central calorimeter satisfying the 
kinematic constraints used to select reaction (1). The measurement gives a cross 
section of 800 pb at fi = 3.0 GeV and 100 pb at 4 = 3.5 GeV. Taking into 
account the conversion probability (2%) per photon and the probability for both pairs 
to be misidentified as single electrons(5%) we estimate a background cross section 
from photon conversions to be 5 0.016 pb at fi w 3.0 GeV and 5 0.002 pb at 
fi z 3.5 GeV, which is also negligible. Similar contributions come from one or both 
#‘s decaying into a Dalitz pair. In conclusion, we estimate the total background 
from all sources to be less than 0.3 events among the 29 events observed. 

The e+e- events from the decay in the tails of the J/# and 4’ resonances consti- 
tute a possible background for the form factor events of reaction (1). This contribution 
has been calculated to be negligible. 

We recall that the fiducial range has been restricted to 15” < B < 60”; this 
corresponds to different acceptance ranges for co&* at different energy values. For a 
given integrated luminosity L, and overall efficiency E, the number of events is: 

N=doc,,,, (3) 

with 

d(coa8.) do 

d(coa0’) 

= 7ra2(hc)~ 
8EP 

[AIGMI’ + W2] (4) 

5 



where 

A=2 
J coae’am 4 cod’)( 1 + cos28’) 
0 

4m2 
B=2 coae’a= d(cos,j*)-ds~na~* 

s 

In Table I we present the values of s = -$, cosB$,,,, A, B, and crWr. The cross 
sections ocorr are obtained from Eq. (4). Due to the limited statistics and angular 
coverage we cannot derive GE and GM separately. The values of ]GM] are deduced 
from Eq. (5) under the two assumptions: (a) ]GEI = ]GM], and (b) neglecting the 
term containing GE and are reported in table I. It is to be noted that the values of 
]GM] determined under the two approximations differ by less than 15%. The values 
of the proton magnetic form factor, under assumption (a), are shown in fig. 4 (a). 

In Fig. 4 (b) we plot the same set of values for ~GJJ in the form of q4]G~l/pP 
versus -$ (pr. = 2.79), along with the earlier results from the literature[2]. The curve 
corresponds to G&q’) 0: 4 -4cx~(q’), where a.($) is proportional to l/ln(q’/A’), 
with A = 0.2 GeV. The dependence on 4 ’ is consistent with what was found 
for comparable space-like momentum transfers[l], h owever the numerical values of 
]GM~ in the time-like region are nearly twice as large as those in the corresponding 
space-like region. 

The fit presented in Fig. 4 (b) leads to the estimate that (GM(q2 = 
Mjlti)l = 0.026 i 0.002 and lG&$ = M$,)] = 0.012 zt 0.001. By integrating 
Eq. (2) and then applying the principle of detailed balance, we obtain the total cross 
sections: 

at MJ/,, a~(e+e- + y’ + pp) = (5.9 f 0.9) pb (7) 

at M+,, c~~(e+e- -+ y’ + p$ = (0.83 zt 0.13) pb (8) 

The cross section ur(e+e- + 7’ + hadras) in the continuum is given by 
[4acya(~c)s/3] x R/s, where the ratio R = c(e+e- -+ hadrms)/o(e+e- + p+p-) 
has the measured value of 2.5 f 0.2 in this mass region[lO][ll]. Thus the branching 
fractions 

f(r*) = 
or(e+e- -+ 7’ + pp) 

q-(e+e- + 7’ + hadruns) 

are (2.6&0.5)x 10m4 at the J/q, and (0.52?cO.O9) x 10W4 at the $‘. The corresponding 
branching fractions for gluonic decays of the J/$J and the @’ 

r(Rc + wg + ~3 
f(sss) = qR, + ggg + hadma) 
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are estimated to be (31f2) x 10m4 and (12*4)x 10e4 for the J/$ and $J’ respectively. 
A comparison of these branching fractions leads us to the purely experimental result 
that the hadronization via gluons favours the pp channel by approximately an order 
of magnitude as compared to hadronieation via a photon. 

We gratefully acknowledge the technical support from our collaborating institu- 
tions and the outstanding contribution of the Fermilab Accelerator Division. This 
work was supported in part by the U.S. Department of Energy, the U.S. National 
Science Foundation and the Italian Istituto Nazionale di Fisica Nucleare. 
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FIGURES 

FIG. 1. Layout of the E760 detector and the gas jet 

FIG. 2. Distribution of the e + - e invariant mass for events collected at: (a) s = 
8.9 GeV’, (b) s = 12.4 GeV’, and (c) J = 13.0 GeV’. The open histograms are for events 
passing the preliminary event selection. The shaded histograms are for events which survive 
the final collinearity cut. 

FIG. 3. S:, for e+e- coplanar pairs with an invariant mass compatible with the c.m. 
energy of the interaction for events with only two clusters in the calorimeter at : (a) 
s = 8.9 GeV’, (b) s = 12.4 GeV’, and (c) s = 13.0 GeV*. 

FIG. 4. Variation of IGMj and q41GM//gp versus -4’. The crosses are from the present 
experiment. For the sources of the other data shown see Ref. [2]. (a) IGMI versus -q’. (b) 
q41GMM//pp versus -q*; the dashed curve shows the perturbative QCD fit to the data for 
q2 > 5 (GeV/c)’ described in the text. 

TABLES 

TABLE I. Summary of results for the magnetic form factor of the proton. 

(Ge;‘) (p:‘) 
N,+,- ,Jccw ~cosB&,,,l A I3 IGMI 

(pb) (a) (b) 
8.9 2.8ztO.l 14 6.8:::; 0.45 0.96 0.33 0.033t:;;; 0.039::;;; 
12.4 17.710.9 11 0.85+.34 2s 0.60 1.34 0.30 0.0131:$; 0.014':;;; 
13.0 6.OzkO.3 4 o.91+.‘2 -.44 0.62 1.40 0.29 0.0131:g 0.015':~~~ 

The GM values in column (a) are obtained with the assumption ~GEI = IGMI. Those in 
column (b) are obtained by neglecting the contribution of the term containing GE. 

9 



HYDROGEN 
GAS JET 

FORWARD 
CALORIMETER 

/’ 
I 
1 7 

FORWARD 
TRACKING 

CERENKOV 

CHAMBER \---d-c 

td 
+1ll-l+ 

1101111111 

FIG. 1. Layout of the E760 detector and the gas jet. 

I 
FORWARD 
STRAW TUBES 



8 

7 

6 

5 

4 

3 

2 

1 

0 
2.5 3 

M.. (GeV/c’) 

32 

28 b) 

24 

20 

16 

12 

8 

4 

0 
2.5 3 3.5 4 

M,, (GeV/c') 

14 

12 

10 

8 

6 

4 

2 

0 ltt111tt7mNi 
2.5 3 3.5 4 

M,. (GeV/c*) 

FIG. 2. Distribution of the e + - invariant mass for events collected at: (a) s = e 
8.9 GeV2, (b) J = 12.4 GeV’, and (c) s = 13.0 GeV’. The open histograms are for events 

passing the preliminary event selection. The shaded histograms are for events which survive 
the final collinearity cut. 

L ’ En’rieo 
11 

5 

4 

3 

2 

1 

0 
160 200 

-. i Entries 4 

2 

1.75 

1.5 

1.25 

1 

0.75 

0.5 

0.25 

j 0 I 
160 

4 

L I I I 

200 

opening angle (deg) opening angle (deg) opening angle (kg) 

FIG. 3. 9:= for e+e- coplanar pairs with an invariant IXLSS compatible with the cm. 
energy of the interaction for events with only two clusters in the calorimeter at : (a) 
s = 8.9 GeV2, (b) s = 12.4 GeV’, and (c) s = 13.0 GeV*. 



pp + e+e- 
6 E760 

(B LEAR PS170 

0 PSCERN 

e*e- + pp 

A DCI DM2 

10 0 DCI DMl 

2 

b 

t 0 ADONE 

gJ 1 
i 

I I I I I 

4 6 

-q2 ~Gev',c') 

10 12 
i 

4r b) 
3.5 1 

pp + e-e- 

0 E760 
@ LEAR PS!7C 

. PSCERN 

e*e- -3 Pi 

A DCI DM2 

0 DClDMl 

0 ADONE 

/ , 
Ob 4 

I I I 
6 

-q2 (Bcev'/c') 

10 12 

FIG. 4. Variation of /GM~ and q41Gnrl/pp verBus -qa. The crome8 are from the present 
experiment. For the sources of the other data shown see Ref. [2]. (a) JGMM/ versus -q’. (b) 
q’lGMl/k verma -q’; the dashed curve shows the perturb&w QCD fit to the data for 
q2 > 5 (GeV/c)’ described in the text. 


